The nesprins [also known as SYNEs (synaptic nuclear envelope proteins)] are a family of type II transmembrane proteins implicated in the tethering of membrane-bound organelles and in the genetic aetiology of cerebellar ataxia and Emery-Dreifuss muscular dystrophy. They are characterized by a common structure of an SR (spectrin repeat) rod domain and a C-terminal transmembrane KLS (klarsicht)/KASH [klarsicht/ANC-1 (anchorage 1)/SYNE homology] domain which interacts with SUN [Sad1p/UNC (uncoordinated)-84] proteins in the nuclear envelope; most nesprins also have N-terminal actin-binding CH (calponin homology) domains. The genes encoding the three vertebrate nesprins (five in bony fish) and the small transmembrane actin-binding protein calmin are related to each other by ancient duplications and rearrangements. In the present paper, we collate sequence data for nesprins and calmins across the vertebrate clade and use these to study evolutionary constraints acting on their genes. We show that the rod domains of the larger nesprins are composed almost entirely of unbroken SR-like structures (74 in nesprin-1 and 56 in nesprin-2) and that these range from poorly conserved purely structural elements to highly conserved regions with a presumed protein-protein interaction function. The analysis suggests several interesting regions for future study. We also assess the evolutionary and EST (expressed sequence tag) expression support for nesprin isoforms, both known and novel; our findings suggest that substantial reassessment is required.
Introduction
Nesprin-1 [also known as SYNE (synaptic nuclear envelope protein) 1 or enaptin] is a gigantic protein (∼1 MDa), genetic defects in which cause cerebellar ataxia in humans [1] . Nesprin-2 [also known as SYNE2 and NUANCE (nucleus and actin connecting element protein)] is a somewhat smaller paralogous protein (∼800 kDa). Each comprises a pair of Nterminal CH (calponin homology) domains, an extended rod domain with similarities to the SR (spectrin repeat) rod of dystrophin, and a characteristic C-terminal KLS (klarsicht) or KASH [klarsicht/ANC-1 (anchorage 1)/SYNE homology] domain [2] . The KLS/KASH domain is inserted into membrane bilayers (with a type II topology) and mediates interaction with luminal SUN [Sad1p/UNC (uncoordinated)-84] domain proteins [3] [4] [5] . Both nesprin-1 and nesprin-2 have a range of smaller isoforms, and a range of evidence has connected these with various subcellular membranous organelles, including the NE (nuclear envelope) [4, [6] [7] [8] [9] , the Golgi system [10] [11] [12] and the sarcoplasmic reticulum [13] . The general Key words: actin, calmin, dystrophin, evolution, nesprin, spectrin, synaptic nuclear envelope protein (SYNE). Abbreviations used: CH, calponin homology; CPG2, candidate plasticity gene 2; EDMD, Emery-Dreifuss muscular dystrophy; EST, expressed sequence tag; GSRP-56, Golgi-localized SRcontaining protein 56; KASH, klarsicht/ANC-1 (anchorage 1)/SYNE (synaptic nuclear envelope protein) homology; KLS, klarsicht; NE, nuclear envelope; ORF, open reading frame; SR, spectrin repeat; SUN, Sad1p/UNC (uncoordinated)-84; SYNE, synaptic nuclear envelope protein; TRPV2, transient receptor potential vanilloid 2. 1 To whom correspondence should be addressed (email roli.roberts@genetics.kcl.ac.uk). assumption is that they serve to tether these organelles to the cytoskeleton [14] . Nesprins also seem to be involved in other systems (such as muscle-exoskeletal attachment in insects [15] , mitochondrial distribution in nematodes [4] and neuronal synaptic organization in vertebrates [16] ). Most studies, however, have focused on the NE, where nesprins form direct interactions with two classical NE proteins defective in EDMD (Emery-Dreifuss muscular dystrophy), namely emerin and lamin A/C [13, [17] [18] [19] [20] . Indeed, mutations in both the nesprin-1 and nesprin-2 genes have been implicated in otherwise unexplained cases of EDMD [21] . Mice lacking nesprin-1 and -2 die from neonatal respiratory failure, showing defects in myonuclear localization [22] . Nesprin-3 is a severely truncated (112 kDa) vertebrate paralogue [23] with a short SR rod and a KLS/KASH domain; an ancient genomic rearrangement has transferred its CH domains to create an ad hoc vertebrate-specific transmembrane protein of unknown function, calmin [24] , which is also discussed here.
Descriptions of proteins containing a central SR rod domain often treat this merely as a spacer or ruler which serves to separate the rather more functionally 'obvious' N-terminal and C-terminal domains. We used nesprin-encoding sequence data from a range of vertebrate genomes to identify evolutionarily constrained, and therefore probably functionally specialized, regions of the rod domain. We also adduce evolutionary and expression data to an attempt to clarify the likely biological relevance of the myriad proposed nesprin isoforms.
Acquisition of sequences
We decided to acquire sequences of genes encoding nesprinlike proteins from across the vertebrate clade; in our experience, the evolutionary time entailed by this is enough to permit drift of SRs of a merely structural nature towards a generic level of similarity (∼25% identity over the length of an SR). Nesprin-related sequences were obtained from human (Homo sapiens), mouse (Mus musculus), chicken (Gallus gallus), Western clawed frog (Xenopus tropicalis) and zebrafish (Danio rerio) genomic and transcript databases. In the case of the mammalian sequences, these were well represented and annotated, but the non-mammalian sequences had to be compiled largely de novo, being assembled on the basis of sequence similarity, degree of conservation between species, representation in ESTs (expressed sequence tags) and splice site score. The task was particularly challenging in the case of the nesprin-2 sequences, which were relatively divergent in length and sequence, and some of the frog and zebrafish nesprin-2 sequences in our alignment accordingly remain incomplete (this was exacerbated by the presence of genomic sequence gaps). Nonetheless, we were able to obtain confident sequences for all of the nesprin-1, nesprin-3 and calmin sequences, apart from a small fragment of zebrafish nesprin-3, and ∼95% of frog nesprin-2 and one of the zebrafish nesprin-2 paralogues (see Supplementary Figure S1 at http://www.biochemsoctrans. org/bst/036/bst0361359add.htm). It is anticipated that the missing regions either do not exist or are essentially unrelated in sequence and therefore would not inform this comparison anyway. We decided to analyse calmin sequences because the CH domains of calmin [24, 25] are closely related to those of the nesprins, and the conserved syntenic relationship of the calmin and nesprin-3 genes strongly suggests that these arose through duplication and rearrangement of a single ancestral nesprin gene (the calmin gene lies immediately downstream of the nesprin-3 gene in all vertebrate genomes examined). The non-CH region of the calmin protein is largely encoded by a single 1.6-kb exon and contains no recognizable domains and little secondary structure, hallmarks of co-option from an arbitrary genomic sequence.
Although zebrafish only has one nesprin-3 gene, it has two nesprin-1 and two nesprin-2 genes. This enhanced repertoire of nesprin genes is seen in other fish species (such as Takifugu rubripes) and is consistent with the recognized ancient, but teleost-specific, duplication of many genes [26] . The two pairs of fish genes encode proteins which are ∼55% identical with each other (cf. 35-57% identity with human), and, although the two nesprin-1 sequences are grossly very similar to their mammalian counterparts, the nesprin-2 sequences seem to be somewhat degenerate (only ∼70% of one of the paralogues was recognizable) and include unusual features [both of the zebrafish nesprin-2 genes include a ∼1.7-2.5 kb intronic ORF (open reading frame) encoding a peptide rich in glutamine, serine and proline residues which could be incorporated into the transcript; this is conserved across other fish species, see Supplementary Figure S1 ]. The four zebrafish nesprin-1 and -2 genes are roughly equally represented in dbEST (14) (15) (16) (17) (18) (19) (20) ESTs each), suggesting that none has become a pseudogene. Phylogenetic analysis of shark nesprin-1 ESTs suggests that elasmobranchs have a single nesprin-1 sequence, and that bony fish paralogue pairs cluster to the exclusion of single non-fish orthologues, confirming that the duplication is teleost-specific. The lamprey (Petromyzon marinus) genome contains a single nesprin sequence which is equally related to vertebrate nesprin-1 and -2. Phylogenetic analysis of nesprins -1, -2 and -3, either using the short shared section of the central rod domain, or using the CH domains (with calmin as a proxy for the nesprin-3 genomic duplication), failed to consistently cluster any two of the three paralogues to the exclusion of the third. The historical picture is therefore that a single invertebrate nesprin gene underwent two whole-gene duplications in early vertebrate evolution, that one of the duplicated genes was then rearranged to form nesprin-3 and calmin, and that the other two (nesprin-1 and -2) underwent further whole-gene duplication in a common ancestor of extant teleosts. This is a common pattern for vertebrate gene families.
Predicted structural relationships
First we examined the gross structural relationship between the three vertebrate paralogues. Nesprin-1 grossly most resembles the single protein found in invertebrates, whereas nesprin-2 and nesprin-3 are derived from partially overlapping subsets of this material. Nesprins -1 and -2 are recognizably co-linear over most of their length (see grey shading in Figure 1A ), but nesprin-2 lacks an indefinable part of a poorly aligned region in its N-terminal quarter (i.e. about half of the length of amino acids ∼1100-1800 of human nesprin-1), a large continuous chunk of material corresponding to residues ∼3000-4100 of human nesprin-1 (∼13% of its length) and a single SR further down, making it only 78% of the size of nesprin-1. Nesprin-3 is much more vestigial, retaining only a short and fairly continuous part of the nesprin-1 rod domain (amino acids 2621-3603 of human nesprin-1), the C-terminal half of which corresponds to the material deleted in nesprin-2, and the KLS/KASH domain. Calmin is only related to the CH domain region of the nesprins.
Next, we used the alignments of orthologous and paralogous sequences to probe the likely structure of the nesprins. In regions where paralogy was unclear, alignment was aided by evolutionarily stable traits such as exon boundary/phase and predicted secondary structure. Exon boundaries were found to be almost universally conserved within paralogues, and were largely conserved between paralogues. This alignment is presented in annotated form as Supplementary Figures S1 and S2 (http://www.biochemsoctrans. org/bst/036/bst0361359add.htm), and is also available as a FASTA file for individual use (Supplementary File S1).
It has been recognized from their first description that nesprins are largely composed of SRs, but these are usually shown as intermittent features of a more nebulous 'rod domain'. We used various methods to assess the likelihood of regions of the nesprins forming a recognizable SR structure. First, we looked for recognition of a canonical SR by SMART, PFAM or BLAST within the SMART platform [27] ; we did this not only with the human nesprin sequences, but also with the corresponding regions from their orthologues in other vertebrates. We also compared clearly aligned paralogous sequences (i.e. those which are uniquely identical by descent and therefore very likely to share tertiary structure). By these means, we were able to identify 42 SRs in multiple nesprin-1 sequences whose paralogous aligned counterpart in a nesprin-2 and/or nesprin-3 sequence was also recognized as an SR (red in Figure 1A ). Furthermore, there were an additional 24 motifs in nesprin-1 which were recognized as SRs in well-aligned regions of one of the three paralogues (orange in Figure 1A ) and three 'atypical' long SRs predicted in both nesprin-1 and -2 (pink in Figure 1A ). All of these were seen in multiple orthologues, increasing our confidence. Next, we used Phyre [28] to deliver a predicted secondary structure for multiple aligned paralogues and orthologues. This gave a robustly conserved secondary structure, even in regions where sequence similarity was low and no SRs were predicted. The 'rod domain' of all nesprins was found to be overwhelmingly α-helical in nature, and much of it, particularly those parts which were flanked by confidently predicted SRs, formed a pattern of helices very similar to that seen in canonical SRs (yellow in Figure 1A ). Our conclusion is that the nesprin rod domains are made almost entirely of structures which are SRs of varying degrees of looseness. In all, 74 SRs can be identified in nesprin-1, 56 in nesprin-2 and eight in nesprin-3; the majority of these (69, 50 and eight respectively) are confidently predicted and form unbroken runs of SR rod structure. The SRs in the small C-terminal isoforms are particularly strongly supported, whereas the structure of the N-terminus is rather less clear. The 'atypical' SRs (52, 54 and 72 in nesprin-1; 35, 36 and 54 in nesprin-2) are up to twice the length of canonical SRs, and include both extended helices and large unstructured loops. On the basis of known structures of SRs [29, 30] , the rod domains of nesprins -1, -2 and -3 are expected to be ∼400, 300 and 40 nm long respectively.
The CH domains themselves are rather unremarkable, but, uniquely among eukaryotic double-CH-domain proteins, the domains of nesprin-1, nesprin-2, calmin and invertebrate nesprins are separated by an extended poorly structured linker of 45-50 amino acids, rich in proline and serine. Dystrophin, in contrast, which is much more typical of the CH + SR superfamily, has a highly conserved α-helical linker of only 15 amino acids [31] . This suggests that, in the nesprins, there is a much higher degree of flexibility in the juxtaposition of the two CH domains, perhaps increasing the spatial versatility of actin binding.
The KLS/KASH domain, which mediates interactions with SUN proteins [3, 32] , is unsurprisingly very highly conserved. The paralogue-specific differences between the KLS/ KASH domains, however, are absolutely conserved throughout vertebrates. Thus, although all nesprin-1 and nesprin-3 sequences, like invertebrate nesprins, have an aliphatic hydrophobic C-terminal residue (leucine, isoleucine or valine), nesprin-2 sequences have an invariant C-terminal threonine. The luminal portion of the nesprin-3 KLS/KASH domain is consistently one residue shorter than that of other KLS/KASH sequences. These characteristic differences suggest some degree of paralogue-specific behaviour in binding to SUN proteins.
There are several extended regions which lack homology with SRs and have little of the expected α-helical structure which might form a bridge between neighbouring canonical SRs. These include stretches between SR7 and SR8 of nesprin-2, between SR54 and SR55 of nesprin-1 (SR36 and SR37 of nesprin-2), between SR7 and SR8 of nesprin-3, and between the last SRs of nesprin-1 and -2 and the KLS/KASH domain. These are all relatively poorly conserved and probably merely serve to introduce some flexibility into the rod. A strikingly different situation is found in the linker between SR71 and SR72 of nesprin-1 (SR53 and SR54 of nesprin-2), which, despite being unstructured, contains an almost invariant 20-residue motif sandwiched between two strongly acidic sequences (star in Figure 1A ).
Patterns of conservation
Although the sequence constraints exerted by the simple need to maintain an SR structure seem to be relatively weak (unrelated SRs tend to share 15-25% identity), one can imagine that higher levels of similarity might arise from various other sources. Soon after their separation by duplication (e.g. a speciation event or a gene duplication), two SRs of common ancestral origin will be very similar to each other in a way which does not reflect functional constraint. After that, they should diverge at rates determined by their function; SRs which are purely structural would be expected to diverge relatively rapidly towards the 15-25% generic SR similarity level, whereas SRs which perform some additional function (such as protein-protein interaction) should retain high levels of specific similarity. Our studies on dystrophin sequences (S. Böhm, S. Tan and R.G. Roberts, unpublished work) have shown that SRs in these proteins differ greatly in their rate and degree of divergence over evolutionary time, which we interpret as an indication that, although the majority of SRs have a largely structural role, a substantial minority have a specific function in addition to this.
In order to examine the situation in the nesprin family, we performed similarity plots for each paralogue over differing amounts of evolutionary time (see Figure 1B ; this uses a sliding window of 20 residues, about half the length of the average SR α-helix). These reveal a number of interesting features. Nesprin-1 shows significantly higher levels of conservation across SRs 1-4, 7-8, 51-54, 59-61 and 64-71, with modest levels across most of the remainder. The highest levels of conservation were in the CH domains, the atypical SRs SR52 and SR54, the block of four SRs 68-71, the unstructured motif between SRs 71 and 72, and the KLS/KASH domain. Nesprin-2 showed less-specific conservation, with much of the rod domain almost diverging to generic SR similarities between human and zebrafish. However, the striking block of four SRs (50-53) and the adjacent unstructured motif were just as highly conserved in nesprin-2. There are also several SRs which are highly conserved in tetrapods, but not fish (e.g. SRs 10-12, 31-34 and 40-43). From these patterns, we tentatively conclude that, for much of the rod domains (SRs 9-50 of nesprin-1 and SRs 1-49 of nesprin-2), the role of the SRs is largely, if not exclusively, structural. Conversely, we can say with confidence that the four-SR block near the C-terminus (nesprin-1 SRs 68-71 and nesprin-2 SRs 50-53), and its adjacent unstructured motif, have a further specific non-structural function. This function is likely to be identical in the two paralogues (see the nesprin-1 against nesprin-2 plot in Figure 1B ) and conserved in the single orthologous protein in invertebrates (see bold lines indicating conservation in Drosophila in Figure 1A ). We note that these regions constitute the N-terminal section of the most strongly supported short isoforms (see below). Regarding the mid-rod regions corresponding to isoforms CPG2 (candidate plasticity gene 2) [16] and GSRP-56 (Golgi-localized SR-containing protein 56) [12] (SRs 3-11 and 26-28, respectively), there were several well-conserved patches in CPG2, but little of evidence in GSRP-56.
We also addressed patterns of conservation in nesprin-3 and calmin. Calmin shows very little conservation of the unstructured region between its strongly conserved N-terminal CH domains and C-terminal transmembrane domain, with the exception of a short 25-residue motif which is conserved in tetrapods but not in fish (see Figure 1B and Supplementary Figure S2) . K a /K s values indicate the absence of significant positive or negative evolutionary selection in the central region; together with a virtual absence of predicted secondary structure, this suggests that it is merely a spacer between the actin-binding N-terminus and the membraneembedded C-terminus. Nesprin-3 shows high levels of conservation at its N-terminus (SRs 1 and 2), where it has been shown to interact with plectin [23] and with a musclespecific protein kinase (J.G. Simpson and R.G. Roberts, unpublished work), and at its C-terminus (the KLS/KASH domain and the adjacent C-terminal half of SR8).
Conservation of short isoforms
A complex range of isoforms have been reported for the nesprins (reviewed by Warren et al. [14] ), mostly arising from internal promoters and resulting in N-terminally truncated proteins with a common C-terminus. This situation is again reminiscent of the dystrophins, where transcripts arise from four internal promoters to yield proteins with shared C-terminal sequences; in all four cases, the isoform has a specific separate first exon which is then spliced on to a constitutive exon, and, in three of them, this exon contributes an isoform-specific N-terminal sequence of various lengths. We have noted that these robustly confirmed first exons tend to be well conserved through hundreds of millions of years of evolution and reasonably well represented in ESTs from a range of organisms [33] . One of them even has a counterpart in the paralogous utrophin gene, suggesting that it pre-dated the gene-duplication event. We similarly showed that robustly confirmed alternative splicing events tend to be conserved throughout evolution and correlate with well-conserved peculiarities of splice sites [33] .
We set out to see whether this applied to the nesprins. First, we examined the previously reported isoforms [14] to assess whether their essential functional features (initiator methionine codons and donor splice sites, where applicable) were conserved in a range of species and whether they were represented in dbEST. For those isoforms which involve use of a separate first exon ('ISFE' in Table 1 ), we assessed conservation of the donor splice site of the first exon. Of these, only the nesprin-1α2 donor splice site was conserved in all mammalian species examined; indeed, the nesprin-1α2 isoform has a unique N-terminal protein sequence encoded by this exon, and both the corresponding ORF and the donor splice site are strongly conserved throughout vertebrate genomes ( Figure 2C) . Most of the isoforms, rather than having separate first exons, arise from transcriptional start sites within a few hundred base-pairs of constitutive exons, such that the isoform-specific first exon comprises a constitutive exon plus adjacent upstream intronic material ('IRI' in Table 1 ). In such cases it is hard to judge the functional constraints on genomic sequence alone, as promoter and 5 -UTR (untranslated region) sequences are generally poorly constrained. We then turned our attention to the initiator methionine codons; apart from the nesprin-1α2 start codon mentioned above, these all lie within constitutive exons. Most were conserved in tetrapods or all vertebrates; the start codons of nesprin-1β1, nesprin-2α1 and nesprin-2α2 were conserved in some or all mammals (Table 1) . We note, however, that these codons also encode methionine in larger nesprin isoforms, and that selective pressure is also likely to be acting via this role; conservation of such codons is therefore not itself strong support for the corresponding isoform. Finally, we assessed the representation of the structurally characteristic regions of the transcript isoforms in dbEST, as this represents a relatively unbiased survey of isoform repertoires (see Table 1 ).
This survey of ESTs revealed strong support for nesprin-1α2 in all vertebrates, for CPG2 in tetrapods, for nesprin-1β2 and nesprin-2α2 in mammals, and for GSRP-56 and nesprin-2α1 in primates. Although paucity of ESTs meant that some of the other isoforms could neither be confirmed nor discounted (nesprin-1β1, -2γ ), it seems unlikely that nesprin-1α1 and nesprin-2β1 are physiologically significant; neither has any EST support (despite large numbers of intron-crossing ESTs), and in neither case is the proposed first-exon donor splice site conserved.
In addition to the previously described isoforms, we found two isoforms of nesprin-2 highly represented in ESTs from multiple organisms which have not, to our knowledge, been described before. One of these (which we provisionally term nesprin-2ε1) has no equivalent in nesprin-1, starting in an intron just upstream of an exon, with two absolutely conserved codons (MQ-) encoded by the intron ( Figure 2B) ; the resulting transcript, highly represented among mammalian, amphibian and fish ESTs, should encode the C-terminal 7.5 SRs and KLS/KASH domain of nesprin-2 (∼122 kDa). The second (nesprin-2ε2) is a direct paralogue of nesprin-1α2, with a dedicated first exon and loosely conserved ORF ( Figure 2C ) in the corresponding intron; this is also highly represented among ESTs from multiple organisms and should encode the C-terminal six SRs and KLS/KASH domain of nesprin-2 (∼103 kDa).
Two instances of consistent and conserved alternative splicing were amply represented in EST databases. The first of these (nesprin-1 TM) is the skipping of the penultimate 59 bp exon of nesprin-1, resulting in loss of the KLS/KASH domain by translational frameshift, and presumably giving rise to a non-membrane-bound protein. The genomic context of this exon is strikingly conserved (the 74 base pairs upstream of the exon show 98% identity between human and frog and 90% between human and fish; see Supplementary Figure S3A at http://www.biochemsoctrans.org/ bst/036/bst0361359add.htm), suggestive of conserved mechanisms of regulation. No such TM isoform was observed among nesprin-2 ESTs. The second alternative splicing event, which appears in GenBank ® entries, but has not, to our knowledge, been described in detail, is the in-frame skipping of a small (69 bp) highly conserved exon which encodes part of the first long α-helix of the atypical SR72 in nesprin-1 and SR54 in nesprin-2 (we name this modification SR). This was subject to alternative splicing in every species represented and in both paralogues (except one of the zebrafish nesprin-2 genes which does not have the exon at all); indeed, in some species, SR is the predominant form. The surrounding intronic regions are not conserved, but the exon itself contains many conserved motifs which might represent exonic splice enhancers, and the unusual donor site (GTAGGC) is absolutely conserved (see Supplementary Figure S3B ). We note that the nesprin-2 SR event is illustrated in Figure 2 of [13] . No alternative splicing of nesprin-3 was seen, but this is relatively poorly represented in dbEST. We are aware that the use of dbEST brings with it several sources of bias, with an overrepresentation of 3 ends of transcripts and a choice of tissues and species which is driven by diverse uncoordinated needs. note that the unstructured (star) region and the SR alternatively spliced regions are among the most highly conserved.
Discussion
Our comparative studies of the nesprins were aimed at highlighting potentially functional regions of these giant proteins, and may help to distinguish functionally critical regions of the rod domain from those which merely serve as a molecular ruler. What might be the reason for the high levels of conservation of certain SRs? Is it due to constraints imposed by protein-protein interactions, homodimerization, intramolecular interaction or some other (unimolecular) function? Homodimerization has been suggested, albeit not under physiological conditions, for both nesprin-1 [19] and nesprin-3 [32] , and extensive antiparallel homodimerization (as seen in the spectrins themselves) of the regions contained in the small isoforms could account for the degree and extent of conservation observed. Some interactors with the strongly conserved C-terminal six SRs have been identified previously, including emerin [13, [17] [18] [19] , lamin A [13, 18, 19] , the tyrosine kinase MuSK (muscle-specific kinase) [9] , and mAKAP (muscle A-kinase-anchoring protein) [34] {we note that the purported 'interrupted LEM [LAP2 (lamina-associated polypeptide 2), emerin and Man1] domain' [8] is not strongly supported by similarity, conservation or secondary structure prediction; instead, this region forms part of SR72}. The reported sites of these interactions are shown in Figure 2(D) ; together, they cover much of the length of nesprin-1α2 and its paralogue nesprin-2δ2, although there is substantial disagreement between reports and apparent differences between nesprin-1 and nesprin-2 in their sites of interaction with emerin and lamin A. Our analysis shows the first three SRs of this region (SRs 69-71 of nesprin-1 and SRs51-53 of nesprin-2) and the adjacent unstructured motif (star) are much more highly conserved than the next three SRs (see Figure 1B ). These known interactors, perhaps together with the aforementioned possibility of homodimerization [19] [16] . We suspect that the remaining portions of the nesprin-1 and nesprin-2 rod domains may be purely structural in nature or have evolutionarily labile functions. Some aspects of the better understood termini of the nesprins also raise questions. What is the significance of the unusual conserved flexible linker between the CH domains of nesprins and calmin? This is, to our knowledge, a unique feature of this family, and warrants an explanation. What is the reason for the strictly paralogue-specific differences between the KLS/KASH domains? Recent work shows that, at least in the context of the experiment, the three paralogous vertebrate KLS/KASH domains appear to interact promiscuously with SUN domains [5] , yet paralogue-specific differences are robust in the face of ∼400 million years of evolution. Perhaps the differences allow modulation of the interaction by post-translational modification or interactions with non-SUN-domain proteins.
Our work shows that many of the reported isoforms have strong support from consideration of patterns of evolutionary conservation and expression (see Table 1 ). However, some lack support, and we describe several well-supported novel variants (nesprin-1 TM, nesprin-1 SR, nesprin-2ε1 and nesprin-2ε2). Our data suggest that a systematic and quantitative survey of all isoforms in a range of tissues would bring valuable clarity to this field, as would a revision of the nomenclature. It seems strange, for example, that the TM isoform, which removes the KLS/KASH domain (thereby presumably generating a soluble form of the protein), previously reported only in nesprin-2 [13] , is only observed in nesprin-1 ESTs, where it is found across vertebrates. To our knowledge, nesprin-1 TM has not been described previously. The recognition that the SR alternative splice is conserved in all vertebrate nesprin-1 and -2 genes (and therefore pre-dates the vertebrate radiation) suggests a hitherto unsuspected importance for this facility to include or exclude 23 amino acids from the first helix of this atypical SR. The similarly ancient origin for the nesprin-1α2/nesprin-2ε2 paralogous pair likewise emphasizes the importance of these specific small isoforms.
Our analysis of nesprin and calmin sequences across the vertebrates enables the natural experiment embodied by evolution to identify functionally important regions of these proteins without the strictures of specific hypotheses. Although some of the features that emerge from this will tally with what is known of nesprin function, it is hoped that the remainder will help to form the foundation of future testable hypotheses.
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